Shape memory alloy Processing optimization Electrochemical polishing Milling Surface roughness Work hardening Grain size a b s t r a c t Nickel-titanium shape memory alloys have been widely used in medical fields due to their unique shape memory effect, superelasticity, corrosion resistance and biocompatibility.
Introduction
Nickel-titanium (NiTi) alloys have been widely used in aerospace, transportation, actuator and medical industries due to their unique memory effect and superelasticity, good and severe work hardening [6] . The surface roughness and work hardening have great influence on shape memory effect and superelasticity of the product [7, 8] .
Many researchers have done a lot of research on the processing of nickel-titanium alloys to address these problems. Mehrpouya et al. [9] found that cutting force and tool wear have the minimum value in a certain turning speed range, which improves the machinability. Kaynak et al. [10, 11] also found that cutting speed has a significant effect on surface integrity by using liquid nitrogen for cryogenic turning. The surface micro-hardness and the depth of the machininginduced layer decrease with the increase of cutting speed. Cryogenic turning can greatly reduce tool wear, improve surface morphology and the final quality compared with dry cutting and minimal quantity lubrication (MQL).
Huang et al. [12] made a detailed study of milling NiTi alloy. The results show that the cutting force decreases gradually with the increase of cutting speed when the cutting speed is below 50 m/min. When the cutting speed reaches 200 m/min, the cutting force will be saturated. Both surface roughness and surface hardness have minimum values at a certain cutting speed. Guo et al. [13] found that the minimum surface roughness was generated at a certain milling speed. It was found that the higher dynamic strength resulted in serious flank wear on the flank face. And the higher specific heat capacity led to the rapid tribo-chemical dissolving of the tool coating on the rake face. Moreover, the white layer is austenite caused by large deformation, and its hardness is higher compared with substrate material. Wang et al. [14] reported that the minimum depth of work hardening layer and hardening degree in milling process were within a specific cutting speed range. Zailani et al. [15] carried out micro-milling experiments by using cold air, MQL and their combination. The results show that the dendrite structure of the workpiece is uniform, the cutting force is reduced and the burr height is reduced by using cold air. The combination of cold air and Micro-lubrication shows great potential for reducing tool wear and achieving better surface quality.
Manjaiah et al. [16] studied non-traditional processing methods, such as laser processing, water jet machining (WJM) and electrochemical machining (ECM), but these processes were limited by the complexity and mechanical properties of components. Electrical discharge machining (EDM) and wirecut electrical discharge machining (WEDM) have the ability to process complex shapes and sizes accurately. They can obtain lower residual stress and better surface finish, but their processing efficiency is lower than that of turning and milling. Vijaykumar et al. [17] studied the EDM of NiTi alloy. It was found that deep cryogenic treatment could improve the material removal rate, but the effect on reducing tool wear rate was limited. Because the lower temperature weaken the thermal vibrations of atoms, and these thermal vibrations make it easier for electrons to move through them. At the same time, deep cryogenic treatment could also make grain growth, which leads to the reduction of boundary and decrease of resistance coefficient. Fu et al. [18] applied the fiber laser process to fabricate vascular stents. The geometry, roughness, morphology, micro-structure and hardness of the incision were analyzed to understand the properties of heat-affected zone and recast layer. The relationship between surface integrity and process parameters was investigated. The results showed that influence of laser cutting speed on surface integrity is much greater than that of laser power. The higher cutting speed may lead to unqualified melt resulting in high surface roughness and thickness of recast layer.
Existing research has found that single processing method can't solve processing problem of nickel-titanium alloy very well. The better efficiency and surface quality of traditional turning and milling can be obtained through certain auxiliary methods, but the subsurface quality problem could not be solved very well. Non-traditional processing methods, which are limited to the shape, surface quality and processing efficiency, can't solve the processing problems of nickel-titanium alloy very well. Considering this reason, traditional milling is combined with non-traditional electrochemical processing to solve the problems of efficiency, shape, surface quality and subsurface quality in processing NiTi alloy.
The machined parts of milling have uneven surface, and the electrochemical polishing can get a smoother surface, which can be used as the finishing process under the condition that the metal surface dissolves least and the surface dissolves most evenly. However, there are still many challenges and difficulties in electrochemical polishing [19] . The shape of the machined surface has little effect on productivity for electrochemical polishing. If there are deep scratches on the surface of the sample, it is usually difficult to remove them by electrochemical polishing. It is found that although the boundary of scratches becomes passivated, the scratches remain unchanged and larger pits are more likely to occur along the scratches. The effect of electrochemical polishing is related to the original surface roughness and surface geometric uniformity of the pattern. The better the homogeneity of the original surface is, the better the effect of electrochemical polishing will be. After burnishing the workpiece of milling, the surface roughness and the geometric uniformity of the machined surface can be improved. In summary, milling-burnishing-electrochemical polishing process is adopted in this paper as shown in Fig. 1 .
2.
Experimental details
Experimental principles
(1) On the one hand, in electrochemical polishing, the removal of rough roughness belongs to the category of macro-level polishing, which is related to the viscous layer. At this time, the distance between the electrodes in the protrusion is smaller than that in the depression. In the protrusion, the resistance is relatively small and the current density is high which make the metal dissolve quickly and makes the metal surface tend to be smooth. On the other hand, the removal of smaller roughness belongs to the category of micro-gloss polishing, which is related to the formation of oxide film on metal surface [20] . The effect of electrochemical polishing is related to the original surface roughness and surface geometric uniformity of milling. The better the homogeneity of the milling surface is, the better the effect of electrochemical polishing will be. The burnishing workpiece after milling is able to improve surface geometric uniformity, reduce scratches and surface roughness, but does not change the shape of the product as shown in Fig. 2 . Therefore, the burnishing can improve the quality of electrochemical polishing. (2) Current density is the important factor that affecting electrochemical polishing and the power of electrochemical polishing. The speed of electrochemical polishing gradually increases with the increase of current density in most cases. On the one hand, when the current density is too high, the temperature of the polishing solution rises, the oxidation of perchloric acid is enhanced, and the phenomenon of anodic oxygen evolution is serious. Although the brightness of the surface can improve under the stirring of oxygen, it is easy to cause corrugation and over-corrosion. On the other hand, if the current density is too low, the surface is in the active dissolution state, and it is difficult to form film on the surface of the anode, which results in longer polishing time, lower efficiency and worse brightness and quality [21] . Stirring is for better electrochemical reaction in the actual process. Therefore, electrochemical polishing fluid can't be absolutely static. Diffusion and convection mostly coexist, called convective diffusion ( Fig. 3 ). (3) Distance between cathode and anode is also the important factor on electrochemical polishing of NiTi alloy. On the one hand, a smaller distance between cathode and anode is used to reduce energy consumption and save energy. However, when the distance between cathode and anode is too small, it is not conducive to the flow of polishing solution and the diffusion of ions. It is also easy to cause the temperature of polishing solution to rise, even the local current density is too high which leads to excessive corrosion. On the other hand, when the distance between cathode and anode is too large, the current density decreases. Therefore, it is necessary to increase energy consumption in order to achieve the required current density [22] ( Fig. 4 ). (4) The time of electrochemical polishing is closely related to the properties of materials, polishing fluid, current density, anode-cathode distance and surface quality of milling [23, 24] . If the electrochemical polishing fluid is more active and the original surface quality is better, the polishing time is shorter. On the contrary, the polishing time is longer. On the one hand, if the polishing time is too short, the polishing is not thorough and the effect is not good.
On the other hand, if the polishing time is too long, excessive corrosion will occur and the electrochemical polishing quality will be destroyed.
Experimental methods

Processing method
The fixed milling and burnishing parameters was selected according to experimental principle (1). Electrolyte system and concentration, and magnetic stirring used to enhance agitation and speed up flow were selected according to experimental principle (2) . Then, the effects of current density, anode-cathode distance and electrochemical polishing time on surface roughness, work hardening and grain size of machined surface were investigated as shown in Fig. 5 . ADVANCE at room temperature. The range of degree is from 10 to 85, and the 0.02 • step is used.
Measuring methods
Results and discussion
The surface roughness, work hardening and surface grain size have important effects on performance, such as shape memory effect and superelasticity. Therefore, the effects of electrochemical polishing parameters (current density, electrode distance and polishing time) on surface roughness, hardening degree, plastic deformation and surface grain were investigated in order to control the processing process and achieve better performance. The statistical data and analysis results are as follows:
Work hardening of machined surface
Work hardening of machined surface has an important influence on the superelasticity and shape memory effect of products. The effects of current density, distance and polishing time on microhardness are investigated by orthogonal experiment in Table 1 and the value of No.0 is the microhardness of milling. The hardening degree (N) is the percentage of the increased microhardness of machined surface divided by the microhardness of matrix material, i.e.
where H is the microhardness of the machined surface; H 0 (H 0 = 200 HV) is the microhardness of the matrix material ( Fig. 6 ). As shown in Table 2 , the hardening degree of each electrochemical polishing parameter was calculated by using the data in Table 1 and the above formula. Then the influence of current density, distance and polishing time on the hardening degree was obtained in Fig. 7 and the value of No.0 is the hardening degree of milling.
Current density has the most important effect on work hardening. The weakening effect of current density on hardening degree is not obvious when current density is 0.75 A/cm 2 as shown in Fig. 7 . The hardening degree is lower when the current density increases to 1.5 A/cm 2 . However, the degree of hardening increases as the current density continues to increase to 2.25 A/cm 2 . This is because the surface is in pas-sive dissolution state when the current density is small, the removal effect of the current density on the surface metal material is not obvious, and then the weakening effect on the hardening degree is not obvious. Surface leveling degree gets better and metal dissolution speed are faster when the current density continues to increase to 1.5 A/cm 2 . The weakening effect on work hardening is more obvious, and the depth of plastic deformation layer at 1.5 A/cm 2 is smaller than 0.75 A/cm 2 as shown in Fig. 8 . However, the surface reaction will be severe when the current density continues to increase to 2.25 A/cm 2 , resulting in inhomogeneous dissolution and deterioration of surface quality. Then the degree of work hardening will increase.
The hardening degree first decreases, and then increases with the continuous increase of the electrode distance. This is because it is not conducive to the diffusion of products when the distance is too small. Then, the temperature of the polishing fluid increases resulting in corrosion and deterioration of surface quality. However, polishing is not optimal when the distance is too large. There are two reasons. On the one hand, in order to reduce the energy loss and achieve the required current density, small electrode distance should be adopted under normal circumstances. On the other hand, large distance between electrodes should be adopted to improve the uniform distribution of surface current density, to prevent the high currents of end and corner of parts and the heating of cathode reduction process. In summary, the appropriate intermediate electrode distance should be selected comprehensively in order to achieve the best polishing effect.
The leveling speed of uneven parts and the thickness of dissolved metal layer are related to the electrochemical polishing time to a large extent. The minimum value of work hardening is shown in Fig. 7 when the polishing time is 20 s. There are two reasons. On the one hand, the polishing process can't be completely carried out when the polishing time is too short. The work hardening can't be weakened if the effect is not good enough. On the other hand, corrosion occurs easily when polishing time is too long. And the effect on surface leveling is small when the polishing time reaches a certain level. The dissolution conditions of the metal in the concave part are different from those in the convex part, and the speed of concave part decreases with the leveling of the convex part. 
Surface roughness of machined surface
The influence of electrochemical polishing parameters on surface roughness is very important because electrochemical polishing is a finishing process. Therefore, the effects of current density, distance and polishing time on surface roughness are investigated by orthogonal experiment as shown in Table 3 and the value of No.0 is the surface roughness of milling. Current density has the most important effect on surface roughness. The value of surface roughness decreases first and then increases with the increase of current density in Fig. 9 . The value of surface roughness is the minimum when current density is 1.5 A/cm 2 . On the one hand, the improvement of surface roughness by electrochemical polishing is not obvious when the current density is too small. On the other hand, the polishing voltage of external circuit is higher and the temperature of electrolyte increases when the current density is too high. As a result, the decrease of solution viscosity and the increase of acid radical ion activity will lead to the rapid dissolution of metals and the violent oxygen evolution reaction. This is helpful for the diffusion of the adsorbed film and its adjacent ions on the surface of the anode under the stirring action of a large amount of oxygen. Although the brightness is improved, it is prone to corrosion and poor surface quality. In addition, the excessive current density causes the temperature of the anode-cathode reaction zone to rise too fast. Then it will lead to the decomposition of some components in the solution and the aging of the solution will be aggravated.
The effect of electrode distance and polishing time on surface roughness is smaller than that of current density does. The surface roughness first decreases and then increases with the electrode distance increasing. The surface roughness is the lowest when the distance between electrodes is 7 cm. This is because it is not conducive to the diffusion of ions in the solution when the distance between electrodes is small, which is prone to over-corrosion and other defects. However the energy consumption to achieve the required current density increases when the distance between electrodes is too large. The surface roughness first decreases and then increases with the increase of polishing time. The surface roughness is the smallest when the polishing time is 20 s. This is because there are unsolved scratches on the surface, the passive film could not be completely dissolved and removed, and the polishing process is not complete when the polishing time is short. The quality of electrochemical polishing is improved with the increase of polishing time. But when the polishing time is too long, the polished surface will be damaged and corroded.
Grain size of machined surface
A very small grain in positive space can be regarded as a sphere in reciprocal space, and its diffraction peak width is very wide. However, a large enough grain in positive space is a point in reciprocal space, and the corresponding peak width is very narrow. Therefore, the change of grain size can be reflected in the peak width of the diffraction peak as shown in Fig. 10 , and the grain size can be calculated and measured. Shelley formula was used to calculate the grain size [25] of each machined surface in the above electrochemical polishing experiments, and the effect of electrochemical parameters on the grain size (D) was investigated as shown in Table 4 and the value of No.0 is the grain size of milling.
where k is 0.89 when ␤ is full width at half maxima, is the wavelength of X-rays ( = 1.5406 Å), ␤ is the full width at half maxima of the diffraction (the unit of ␤ is radian), is the Bragg angle of diffraction.
The grain size of all electrochemical polishing surfaces is smaller than that of milling surfaces. The surface after milling has serious work hardening compared with the surface after electrochemical polishing which results in the larger plastic deformation and smaller grain size. The current density has the most important effect on grain size in Fig. 11 . The grain size first increases and then decreases with the increase of current density. The weakening effect on work hardening is not obvious because of current density is smaller in the early stage, so the grain size is smaller. Then the hardening degree in Fig. 7 and depth of plastic deformation layer in Fig. 8 decrease that make the grain size increase with the increase of current density. As the current density continues to increase, oxide film is formed on the surface and the brightness increases. However, the surface is prone to corrosion and deterioration of quality resulting in larger grain size.
The effect of electrode distance and polishing time on grain size is smaller than that of current density does as shown in Fig. 11 . Small distance is not conducive to the diffusion of the product, and easy to cause excessive solution temperature. Work hardening removal is not obvious due to the poor surface quality caused by the larger local current density. Therefore, the grain size is smaller at this time. Then, the grain size increases gradually with the increase of distance. However, the decrease of local current density as the distance continues to increase, which leads to the decrease of electrochemical polishing quality, removal degree of work hardening and grain size.
The electrochemical polishing is not enough when the polishing time is short. Moreover, the metal is dissolved and no oxide film is formed. The polishing effect is poor and the reduction of hardening degree is not obvious. Therefore, the grain size is small. Then, the oxide film is formed when the time is 20 s, and the polishing effect is the best. The plastic deformation layer is almost removed and the grain size is the biggest. However, the more metal dissolution and deterioration of surface quality occur when the polishing time continues to increase to 30 s. The grain size decreases at this time.
Conclusions
Nickel-titanium shape memory alloys have been widely used in medical fields due to their unique shape memory effect, superelasticity, corrosion resistance and biocompatibility. However, there are still many processing difficulties to achieve required machined surface quality due to their high toughness and low elasticity. This paper proposes a sequential processing operations including milling, burnishing and electrochemical polishing. The aim of milling is to quickly remove materials and process forming. The aim of burnishing is to smooth the bulge formed by milling to a certain extent. The electrochemical polishing is the finishing process. The effects of electrochemical parameters on surface quality, such as surface roughness, work hardening and surface grains, were studied. The conclusions are as follows:
(1) Orthogonal experiment results show that 1.5 A/cm 2 current density, 7 cm distance and 20 s polishing time can obtain the lower surface roughness, hardening degree and the larger grain size. Current density has more important influence on surface quality than distance and polishing time does, respectively. Current density plays a key role in improving surface quality. (2) The experimental results show that the electrochemical polishing parameters have the more important effect on improving the surface roughness compared with improving work hardening and grain size. With adjusting electrochemical polishing parameters, the surface roughness can be reduced to one tenth of the original value obtained by milling operations. (3) The effects of electrochemical parameters on surface roughness, work hardening and grain size are related to each other. The degree of work hardening can be qualitatively estimated by surface roughness and grain size to avoid damage to the machined surface. (4) The sequential processing operations including milling, burnishing and electrochemical polishing can effectively improve the surface quality of milling, and has certain application value.
